This is a review describing advances in CRISPR/Cas-mediated therapies for neuromuscular disorders (NMDs). We explore both CRISPR-mediated editing and dead Cas approaches as potential therapeutic strategies for multiple NMDs. Last, therapeutic considerations, including delivery and off-target effects, are also discussed.
Introduction
Techniques to accomplish gene editing have been around for more than 20 years and include meganucleases, zinc finger nucleases, and transcription activator-like effector nucleases (TALENs); however, the newest approach using the clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated protein (Cas) system has revolutionized the field due to its ease of use and increased efficiency with wide-ranging potential applications (10) . The CRISPR/Cas system was originally discovered in bacteria and was revealed to be a form of adaptive immunity. There are two main groups of CRISPR: class 1 (including types I, III, IV) utilizes multiple Cas enzymes, whereas class 2 (types II, V, VI) requires a single Cas protein (67) . These Cas enzymes are often endonucleases that use RNA-guided targeting to cut nucleic acids and degrade foreign invading DNA (11, 20) . For example, type II CRISPR systems utilize a CRISPR (cr) RNA complexed with a transactivation CRISPR (tracr) RNA (referred to as a guide RNA), which targets the Cas9 protein to cut specific sites in DNA (34, 42) .
The CRISPR/Cas system was recently adapted to enable gene editing in mammalian cells. In this application, a 20-bp sequence complementary to the target site in the genomic DNA [flanked by a protospacer adjacent motif (PAM)] is included in the guide RNA (gRNA), which targets a Cas protein to that site to create a double-stranded break (DSB) in the DNA (27, 56, 86) . The most commonly used Cas enzymes for gene editing in mammalian cells include the type II Streptococcus pyogenes (Sp) Cas9 (27, 56, 86) , the slightly smaller Staphylococcus aureus (Sa) Cas9 (109) , or type V Cas12a/Cpf1 (62, 140) . The PAM varies for each Cas enzyme: an NGG for SpCas9 (92) , an NNGRRT for SaCas9 (109) , and a TTTV for Cas12a (140) . Cas9 creates a blunt-cut 3 bp upstream of the PAM (41) , but Cas12a generates a staggered cut with a five nucleotide overhang 18 -23 bp from the PAM (140) . Cas9 contains two nuclease domains that cut each strand of DNA, or it can be converted into a nickase by mutation of one catalytic domain or into dead (d)Cas9 through mutation of both domains (56, 108) .
The DSB that occurs after Cas cutting can be repaired through two main mechanisms: either the cell's endogenous repair machinery using non-homologous end joining (NHEJ), which rejoins the DSB and can result in small insertions or deletions (indels), or incorporation of new DNA through homology-directed repair (HDR) with the addition of an exogenous template (FIGURE 1). HDR will only occur during late S/G2 phase of the cell cycle (57) .
Therapeutically, CRISPR can be used in vitro or in vivo to remove, edit, or add to a cell's genome, or to activate or inactivate genes as a potential treatment for countless diseases (FIGURE 2). Strategies that rely on NHEJ can be applied through a single gRNA cut, leading to indels that cause a reading frame shift, disrupting or restoring gene expression, or through indels that remove a region of DNA such as a splice site (58, 86, 115) . Using a pair of gRNAs, the intervening region of DNA can be deleted through NHEJ, and even seamless rejoining can occur (27, 86) .
CRISPR-mediated HDR can be utilized to precisely repair mutations or insert new DNA but requires an exogenous template containing homology arms around the cut site (27, 86) . However non-cycling cells, such as post-mitotic myofibers or quiescent muscle stem cells, have very low levels of HDR (57) . Alternatively, recent work has demonstrated methods to achieve targeted integration without the necessity for HDR. For example, microhomology-mediated end joining (e.g., CRIS-PITCh) is active in G1/early S phases (94), homology-independent targeted integration (HITI) can occur in post-mitotic cells (121) , and other integration methods utilize the NHEJ pathway (8, 29, 63, 70, 77, 87, 113, 114) .
CRISPR can also be adapted for non-DNA editing applications using a catalytically inactivated "dead" Cas protein. Here, dCas9 is used for specific targeting, such as to a promoter, and can be fused to an additional protein to induce activation or inactivation of genes, epigenome editing, imaging, base editing, or RNA targeting/degradation (2) .
For therapeutic application to humans, CRISPR could be applied directly to the target tissue in vivo or to patient cells ex vivo through cell therapy. CRISPR/Cas editing in blood cells ex vivo was the first clinical application of CRISPR in humans. Clinical trials were initiated in 2016 in China (31) and for ␤-thalassemia in Germany (100). U.S. scientists plan to do in vivo editing in Leber's congenital amaurosis type 10 in the near future (117) . Thus CRISPR/Cas is transforming the field of precision medicine and gene therapy for human disease. In this review, we will discuss some applications of the CRISPR system for neuromuscular disorders (NMDs). Depending on the cause of disease, type of protein, and cycling state of the target cell, different CRISPR strategies may be more appropriate for certain diseases. Below, we have grouped by strategy different potential CRISPR-based approaches for various NMDs (Table 1) .
Non-Homologous End Joining
CRISPR-mediated NHEJ has potential uses for many NMDs. One of the most extensively studied applications is for Duchenne muscular dystrophy (DMD), which is often caused by out-of-frame mutations in the DMD gene encoding dystrophin. Through human and mouse studies, it has been demonstrated that not all of the large middle-rod domain of dystrophin is required for its function (35, 38) . In fact, a milder, allelic disease, Becker muscular dystrophy (BMD), is typically caused by in-frame mutations in DMD resulting in production of an internally deleted but still at least somewhat functional dystrophin protein (FIGURE 3). Some Becker patients are asymptomatic until late in life, suggesting certain mutations lead to very functional proteins (88, 95, 123) . Therefore, it is hypothesized that CRISPR can be applied to convert a DMD into a BMD mutation by deletion or permanent skipping of one or more exons in the DMD gene. Proof-of-principle that CRISPR gene editing by NHEJ can restore the reading frame for numerous DMD mutations has been validated in human-induced pluripotent stem cells (hiPSCs), DMD muscle cells, and dystrophic animal models. Additionally, NHEJ can be used to remove duplications, repeat regions, or intronic areas as therapeutic strategies for multiple NMDs.
NHEJ-Mediated Single Exonic Deletions or Single Cut Splice Site Disruptions
DMD reframing by NHEJ can be accomplished by a variety of strategies, including the use of two guides to achieve single-or multi-exon deletions or the use of a single guide to induce frameshifts or permanent exon skipping (FIGURE 4). Single-exon deletion or permanent skipping has been demonstrated for the murine Dmd exons 23 (50, 66, 80, 93, 97, 98, 122, 141) , 45 (90), 51 (6) , canine exon 51 (5) , and human DMD exons 43 (90), 45 (76, 90) , 51 (37, 81, 85, 101, 141) , and 53 (84, 85) . In vitro proof-of-principle has been demonstrated in human muscle cells (37, 84, 85, 101) and hiPSCs (76, 81, 90, 141) . In vivo single-exon deletion or skipping by NHEJ has been accomplished in multiple dystrophic mouse models of Duchenne, including mdx mice with a stop codon in Dmd exon 23 (50, 66, 80, 97, 98, 122, 141) , as well as in novel dystrophic mice with deletions of Dmd exons 44 (90) or 50 (6) . One study tested single exon skipping by NHEJ in a dystrophic dog model (5) . This study provided proof-of-principle that dystrophin can be successfully reframed in a large animal model. The CRISPR/Cas9 gene editing system consists of two components: the Cas9 endonuclease (shown in blue) and a guide RNA (gRNA), which is composed of a target spacer region for DNA binding (shown in green) and a scaffold region for binding to Cas9 (in yellow). The gRNA spacer sequence is designed to be homologous to a target site in the genome, which must have a 3= protospacer adjacent motif (PAM) sequence. gRNA targeting results in Cas9 creating a double-stranded break (DSB) in the DNA 3 bp upstream of the PAM. The DSB can be repaired either through the cells endogenous repair, non-homologous end joining (NHEJ), which can sometimes result in small insertions or deletions (indels), or through homology-directed repair (HDR) to incorporate new DNA by addition of template DNA containing homology arms.
Multiple Exonic Deletions and Rejoining by NHEJ
CRISPR/Cas9 can also accomplish large deletions encompassing multiple exons by using a pair of gRNAs and NHEJ. In DMD, removal of multiple exons provides the opportunity to create designer dystrophin species with high functionality and to encompass more patient mutations. It is important to keep in mind that more highly functional dystrophin species are known to often retain the proper repeat phasing in the rod domain of the protein. Researchers were able to achieve very large multi-exonic DMD deletions in vitro using human DMD myoblasts (36, 55, 84, 85, 101) and hiPSCs (69, 137) . The feasibility of multi-exon Dmd deletion in vivo has been successfully demonstrated in the mdx mouse model of Duchenne by deletion of exons 21-23 (110, 135) and exons 52-53 in the mdx 4CV mouse (15, 16). Two humanized DMD mouse models with out-of-frame deletions of exons 45 (138) or 52 (127) have been created to provide more relevant models for testing CRISPR strategies on the human DMD gene in vivo. These mice were used to demonstrate that functional human dystrophin proteins could be generated through multi-exon deletion and NHEJ of 450 or 708 kb (36, 138) . Thus it is possible to accomplish NHEJ between two very distant parts of the large DMD gene to accomplish reframing to generate a functional protein that can improve the dystrophic phenotype.
Long-Term NHEJ Studies In Vivo
Two different studies used the mdx mouse model of DMD to assess the long-term consequence of restoring dystrophin through CRISPR/Cas9 gene editing using NHEJ. Mice were studied after 12 (98) or 18 mo (50) post a single adeno-associated virus (AAV)-CRISPR/Cas9 injection. Although both of these studies demonstrated loss of viral genomes and reduced editing in skeletal muscle over 12-18 mo, they also revealed that the heart was better able to retain edited nuclei. It is possible that this differential loss of viral genomes between heart and skeletal muscle relates to the extensive turnover that occurs in dystrophic skeletal (but not cardiac) muscle as it undergoes degeneration/regeneration cycles since co-delivery of micro-dystrophins prevents loss of edited skeletal myofibers (Bengtsson NE, Chamberlain JS, personal communication). Interestingly, both of these studies discovered a disproportionate loss of the AAV-gRNA vector compared with the AAV-Cas9 vector. It is difficult to establish the cause of the loss of AAV-gRNA vector; however, Hakim et al. demonstrated that increasing the ratio of AAV-gRNA to AAV-Cas9 led to an improvement in overall efficacy (50) . Similar observations were made in a murine model lacking exon 44 and in the mdx 4cv model, whereby it was demonstrated that increasing the AAV-gRNA-to-AAV-Cas9 ratio improved the level of dystrophin protein produced (14, 90) .
FIGURE 2. Therapeutic strategies that exploit the CRISPR/Cas system
The CRISPR system has many applications. Some examples where it can be used to edit DNA, through NHEJ or HDR, or as an inactive targeting agent for base editing by fusion with an adenine base editor (ABE), with VP16 for gene activation, or with KRAB for gene repression are depicted. Inactivated Cas9 is represented by the black X on the protein.
NHEJ in Dystrophic Dogs
Only one study has tested the feasibility of CRISPRmediated NHEJ in a large animal model. Investigators administered a CRISPR platform designed to induce permanent exon 51 skipping or reframing through disruption of an exon splicing enhancer to young dystrophic dogs (1 mo old) carrying an exon 50 deletion. Systemic administration of low-dose AAV showed very little dystrophin, whereas the single dog given the high dose (2 ϫ 10 14 vg/kg total virus) showed high dystrophin restoration in some muscles, with low dystrophin levels in other muscles (5) . This study provided proof-of-concept that CRISPR gene editing could be accomplished to restore dystrophin protein production in a large animal model.
Removal of Duplications by NHEJ
Genetic duplications causing DMD (~10% of patients) can also be removed through NHEJ. Using a single gRNA targeted to a duplicated region, so that it binds twice, led to production of full-length dystrophin in patient cells containing an exon 18 -30 duplication (133) . A single guide or dual guides flanking a duplication were also designed to be able to remove an exon 2 duplication mutation, restoring dystrophin in vitro (71) .
NHEJ-Mediated Deletion of Expanded Repeats
Myotonic dystrophy type 1 (DM1) is caused by a toxic CTG trinucleotide repeat expansion in the 3= UTR of the dystrophia myotonica protein kinase gene. When the expanded repeats are expressed in RNA, the expansion sequesters RNA binding proteins, such as the muscle blind family of splicing factors, in ribonuclear foci, which prevents the correct splicing of many genes (72) . One strategy for applying gene editing to these types of repeat expansion diseases is to remove the repeat region in the genomic DNA through NHEJ. Multiple groups have demonstrated effective deletion using gRNAs that flank the repeat region in DM1 patient cells (3, 32, 105, 131) . However, this deletion was not always precise, since different types of events occurred, including partial deletions, inversions, or a single cut inducing loss of the entire repeat. Thus targeting repeat expansions may not lead to an exact or expected result.
NHEJ to Restore Correct Splicing
Congenital muscular dystrophy 1A (MDC1A) is due to a variety of mutations in the LAMA2 gene (encoding for the laminin ␣2 protein), where a large percentage (~40%) are caused by splice-site mutations (44) . An NHEJ approach was utilized for a splice donor site mutation causing MDC1A. In this example, a DNA deletion spanning from the mutation into the intronic region in the dy 2J / dy 2J mouse model allowed for generation of a new splice donor site that could restore normal splicing (60) .
A recently discovered, yet fairly common, mutation in COL6A1 that is associated with Ullrich congenital muscular dystrophy (UCMD) results in inclusion of a pseudoexon from an intron. It was demonstrated that a pair of gRNAs could cut and utilize NHEJ to delete both the mutation and the pseudoexon in the intronic region, and restore normal expression of collagen VI (17) . Thus CRISPR-based NHEJ can be applied to introns to restore correct splicing for multiple diseases.
NHEJ for Other NMDs
Not all NMDs will be amenable to NHEJ-mediated gene editing. Based on successful exon skipping studies in limb girdle muscular dystrophies (LGMD) 2B and C (due to mutations in dysferlin or gamma-sarcoglycan respectively) (1, 12, 73, 134) , it has been suggested that CRISPR could be used to generate functional proteins by NHEJ. Other NMDs caused by aberrant expression of toxic proteins, such as facioscapulohumeral muscular dystrophy (FSHD), could also in theory be targeted by NHEJ. On the other hand, many of the autosomal recessive LGMDs arise from mutations in enzymes, such as LGMD2A (CAPN3) or LGMD2H (TRIM32), and such disorders would not benefit from NHEJbased approaches. Thus the potential to use gene editing for each NMD will need to be thoroughly explored on a case-by-case basis.
Homology-Directed Repair
HDR can be utilized for point mutation correction or insertion of new DNA. This strategy is especially relevant for diseases that have common point mutations or are enzymes, which cannot function with deletions. Additionally, incorporation of termination signals through HDR could prevent expression of toxic regions of DNA. However, challenges for applying HDR in post-mitotic tissues such as muscle and neurons still remain, since it is largely inefficient in nondiving cells. HDR after CRISPR/Cas editing has been utilized for point-mutation correction of the mdx mouse, which contains a nonsense mutation in exon 23 of the Dmd gene. The first demonstration of HDR in mdx mice was through germline editing in zygotes with Cas9 (82) and later with Cas12a/Cpf1 (141), which showed proof-of-principle CRISPR-mediated restoration of dystrophin, but this avenue is currently not feasible for human patients. HDR was also utilized to correct the point mutation in mdx satellite cells ex vivo. Although the efficiency was low, they were able to demonstrate restored dystrophin after engraftment in vivo (142) . Furthermore, HDR to knockin a deleted exon was used in DMD hiPSCs to restore full-length dystrophin (76) . Finally, two groups observed low levels of HDR correction in vivo after either AAV-CRISPR delivery to mdx 4Cv mice (15) or intramuscular injection of CRISPR-gold nanoparticles in mdx mice (74) .
HDR was also utilized for specific point mutation correction of LGMD2B and 2D, caused by mutations in the dysferlin and alpha-sarcoglycan genes, respectively. CRISPR-mediated correction by HDR in patient hiPSCs was shown to rescue protein expression. One of these mutations is the most prevalent LGMD2D mutation found in~32% of patients (126) .
An effective HDR-based strategy to inhibit expression of the expanded repeats in DM1 cells was developed. Here, a polyadenylation (polyA) signal template is integrated before the repeat expansion. This termination signal prevented the repeat from being expressed in the RNA, thus inhibiting its toxic effects (131) .
Dead CRISPR
As a potential therapeutic strategy for some neuromuscular disorders, a dead CRISPR system fused to another protein has been used for base editing or to activate compensatory proteins or inactivate toxic ones. Since dead CRISPR does not cause DSBs, it may be safer, although it would require continuous expression for gene activation or inactivation.
Base Editing
Base editing using a Cas9 nickase or dead Cas9 fused with a deaminase protein allows for C/G-to-T/A or A/T-to-G/C conversions in DNA (65) . This approach could be applied to permanently fix certain point mutations or modulate splicing without creating a DSB or utilizing a homology template. Base editing for DMD was applied to a mouse model containing a nonsense mutation, which was converted to glutamine by an A-to-G base edit in vivo (112) . This approach would only be effective for very specific mutations. An alternative approach used base editing to convert a splice site G to an A to induce permanent exon skipping and restore dystrophin in DMD hiPSCs (139) . However, large amounts of off-target changes have recently been reported using base editors (47, 144) .
Activation of Genes
For DMD, a transcriptional transactivator, dCas9-VP160, targeted to the utrophin promoter was used as a strategy to upregulate utrophin in patient cells (133) . Utrophin has significant homology to dystrophin and can potentially be used to functionally replace it (48) . Another system using short dead gRNAs with two MS2 RNA aptamer domains that recruit and bind the MS2:P65:HSF1 (MPH) transcriptional activation complex was used in the mdx mouse model of DMD to upregulate klotho to increase regenerative potential (132) , utrophin to compensate for dystrophin, and/or follistatin to increase muscle mass (75) (78) . Additionally, dCas9-VP160 was used in rag/mdx mice to upregulate the laminin subunit alpha 1 chain (Lama1) to increase laminin-111 to stabilize the muscle fiber membrane (102) . For MDC1A, a non-mutation specific approach with SadCas9-2xVP64 was used to upregulate Lama1, which can compensate to rescue the dy 2J /dy 2J phenotype in vivo (59) .
Inactivation of Genes
Inactivation strategies using dCas9 targeted to DNA or RNA have been applied to downregulate toxic repeat RNAs as a therapy for repeat expansion diseases, including DM1, DM2, and C9orf72 amyotrophic lateral sclerosis (ALS). dCas9 targeted to the DNA repeat could inhibit transcription (104), and dCas9 alone or fused to a PIN RNA endonuclease targeted to the repeat region of RNA could reduce toxic RNA levels (13) .
FSHD is caused by contractions of the D4Z4 repeat and chromatin relaxation, leading to aberrant expression of DUX4 and its downstream targets, including genes involved in germline development, stem cells, and suppression of the innate immune response (33) . Since chromatin dysregulation is correlated with disease, an inactivation strategy using dCas9-KRAB was developed to target the DUX4 promoter/exon 1 and was shown to cause chromatin repression and reduce DUX4 levels in patient cells (52) .
Therapeutic Considerations: Translation of CRISPR Therapies to Patients With NMDs

Delivery of CRISPR
Although the promise of therapeutic gene editing is high for monogenic diseases, there are still many obstacles that need to be addressed before CRISPR therapies can be translated to NMD patients. Most importantly, it will be necessary to identify an appropriate vehicle that allows delivery of these platforms to all skeletal muscles and, for some NMDs, to cardiac muscle. Although delivery could be achieved by either viral or non-viral means, most in vivo studies have relied on viral delivery strategies. AAV is the most promising vector to translate CRISPR to patients; however, AAV presents serious concerns that could impact the safety and efficacy, which need to be addressed before AAV can be used clinically for CRISPR delivery. Concerns about the use of AAV-CRISPR relates to both the vector and the bacterially derived Cas9 cargo, especially regarding the predicted immune response, which could impact safety (25, 91, 98, 130) . These potential issues include 1) the inability to re-dose AAV without additional procedures, which will reduce the efficacy of the CRISPR therapy (83); 2) the presence of pre-existing immunity to AAV, ranging in seroprevalence from 30 to 70% of people (19, 83) and to Cas9 (23, 119, 128) ; 3) sustained expression of Cas9 from the AAV episome or potential AAV integration, which could lead to long-term autoimmune consequences and increased off-target activ-REVIEW PHYSIOLOGY • Volume 34 • September 2019 • www.physiologyonline.org ity potential; and 4) functional demonstration of AAV-mediated targeting of quiescent muscle stem cells in vivo is still unclear (7, 46, 122) , which means that corrected nuclei may become diluted over time. These issues could potentially be overcome with strategies to degrade Cas9, a new capsid generation that evades the immune system, new AAV serotypes that can target quiescent muscle stem cells, and other interventions that interfere with the ability of the immune system to reject AAV-infected cells (9, 26, 28, 89, 91) . Considering that some strategies will likely necessitate continuous expression of dCas9, investigators will need to carefully assess the toxicities that arise from long-term expression of dCas9 in vivo.
A major challenge with AAV is determining the optimal dose, which involves counterbalancing the desire for high transduction with the problem of the immune response. Because AAV treatment is currently limited to a single dose, it is imperative to achieve the best transduction possible, especially if the patient is a child who will grow and dilute the amount of vector in their tissues. With regard to CRISPR, the issue of dose is compounded because of AAV's small carrying capacity (~4.7 kb), which is not able to contain both SpCas9 plus multiple gRNAs in the same vector, thus requiring two different viral vectors to carry one platform. Using two vectors for one platform may effectively halve the effective dose. SaCas9 is an alternative, smaller nuclease that can be packaged along with a gRNA into a single AAV and has been successfully applied in some models of NMDs (15, 36, 59, 60, 97, 98, 104, 110, 122, 131) . However, a higher percentage of the population is estimated to have pre-existing immunity to SaCas9 compared with SpCas9 (23, 119) . Furthermore, loss of gRNA viral genomes has been shown to occur with time in murine models, and it was demonstrated that increasing the ratio of gRNA AAV to Cas9 AAV greatly increased the efficacy of the therapy (14, 50, 90) . The necessity of increasing the gRNA vector may also adversely impact the dose of vector that is needed to be administered.
Engineered nanoparticles are one non-viral alternative that could facilitate delivery of CRISPR/ Cas in vivo as DNA, RNA, or ribonucleoprotein (RNP) complexes. Nano-CRISPR studies for other diseases have targeted tissues such as the liver, lung, or tumors in vivo (22) . However, delivery to muscle has its own challenges since it comprises such a large percentage of body mass, is postmitotic, and has an extensive network of connective tissue that is a barrier to delivery. In the context of muscular dystrophy, where excessive connective tissue is increased as disease progresses, the challenges are further heightened. Only one in vivo study has attempted to use nano-particles to deliver CRISPR locally in a NMD to correct the mdx mutation by HDR, and here they achieved an editing efficiency of 0.8% without cardiotoxin (74) . This low efficiency is not surprising, since HDR requires cell cycling, and skeletal muscle is post-mitotic (57) . It is likely that any HDR that was achieved arose from targeting activated myoblasts. Thus there is still much work to be done to create systemically compatible nanoparticles that will be efficient enough to be used as a therapeutic.
A second non-viral alternative would be a case where hiPSCs, muscle progenitors, or muscle stem cells are subjected to gene editing ex vivo, and then the cells are engrafted to muscles as a cell therapy. This approach could provide a corrected muscle stem cell with lifelong regenerative potential. Direct intramuscular injection of CRISPR-corrected muscle progenitor cells has been demonstrated in the mdx mouse (51, 101, 137, 142) , but challenges still remain, including efficient systemic delivery of human skeletal muscle progenitors, loss of muscle stem cell potential when expanded ex vivo, and the inability to generate muscle stem cells from hiPSCs with long-term repopulation potential.
Level of Efficacy Needed
Another important consideration for CRISPR in NMDs is understanding the timing and efficiency necessary to achieve therapeutic levels of the restored protein. In the case of dystrophinopathies, where mutations lead to impaired membrane integrity, it will be necessary to restore the mutant protein to the threshold level needed to protect each individual muscle fiber. Although the overall level of dystrophin necessary for improved function has been approximated in DMD as between 3 and 40% (43, 45, 99, 106, 107, 116, 129) , the level needed on a per fiber basis is still unclear. Tremblay and colleagues have estimated that the amount of dystrophin produced from a single nucleus is sufficient to cover~549 m along the length of the muscle fiber membrane (55) . According to their estimates, dystrophin could be restored along the length of most muscle cells if~4% of total myonuclei are edited. This estimation is only an approximation and will be influenced by many factors, including DMD mRNA and protein stability. Additionally, if muscle stem cells are also targeted (46) , the impact of the therapy could be greatly amplified.
Restoring the reading frame by NHEJ is a strategy that will work for only a subset of neuromuscular disorders, and the functionality of each internally deleted protein will need to be assessed in the disease context. This point is especially important for DMD, where NHEJ will create a variety of internally deleted dystrophin species that could REVIEW PHYSIOLOGY • Volume 34 • September 2019 • www.physiologyonline.org vary in their functionality and stability. In vivo studies are essential to establish the relative stability and functionality of each dystrophin species that is created by gene editing. It will also be important to conduct long-term in vivo assessments to determine the rate at which edited nuclei are lost over time and to gain insight into why gRNA AAVs are more unstable than AAVs carrying Cas9.
Many of the papers discussed here assessed functional outcomes after in vivo delivery. Skeletal muscle force and/or force drop after eccentric contraction were improved across multiple DMD studies, even with restoration of as little as 2% dystrophin (15, 50, 66, 90, 97, 122) . Other studies showed improvement in grip strength and hanging time (6, 74, 78, 80, 82, 141) . Heart function was assessed and demonstrated improvement in some DMD models (50, 110) . Last, for other diseases, open-field and tetanic force were improved in a mouse model of MDC1A (59, 60) , and less myotonia was observed in a model of DM1 (104) after CRISPR-based therapies were given. These studies are promising; however, the long-term benefit of gene editing on functional outcomes will still need to be fully explored.
Potential for Off-Target Activity
Although Watson-Crick base pairing makes the CRISPR/Cas system highly specific, it has potential for off-target activity since it has been to shown to be able to tolerate some mismatches within the gRNA target sequence (39) . Most studies discussed here have assessed off-target activity at the predicted sites for each gRNA using T7 or Surveyor nuclease digestion, or deep sequencing of the target sites. A few studies applied additional unbiased assessments; for example, Li et al. used whole exome sequencing on corrected hiPSC clones (76) and Koo et al. performed Digenome-seq (66) . Nelson et al. assessed genome-wide AAV integrations with Nextera sequencing, which was more sensitive than deep sequencing and may be a new approach for unbiased off-target assessment (98) . For the dead Cas9 studies, assessment of off-target gene expression was performed using qRT-PCR or RNA sequencing (13, 52, 59, 102, 104) . Across all these studies, only a few reported higher than background levels of editing but were still low percentages (36, 82, 97, 98, 101, 133) . Unwanted on-target changes are also a possibility, which is discussed below. Additionally, after gene editing, there is potential for a p53 DNA damage response, which could lead to cell-cycle arrest or toxicity (49, 54) ; however, this is transient and may not be as big of a problem for post-mitotic muscle cells.
It is important to note that T7 and Surveyor assays are not very sensitive and cannot be used to demonstrate Ͻ1% or 3% editing, respectively (143) . Additionally, it is preferred to use an unbiased method to capture all potential sites. These strategies include whole genome/exome sequencing in vitro [e.g., Digenome-seq (61)] or in vivo, such as genome-wide unbiased identification of DSBs enabled by sequencing (GUIDE-seq) (125), highthroughput genome-wide translocation sequencing (HTGTS) (53) , circularization for in vitro reporting of cleavage effects by sequencing (CIRCLE-seq) (124) , verification of in vivo off-targets (VIVO) (4), in situ breaks labeling enrichment and sequencing (BLESS) (30) , or SITE-seq (21) . Importantly, unbiased off-target assessment should be performed in the background genome of interest (e.g., human) and is critical to consider and test before clinical translation. However, there has been progress on ways to reduce CRISPR-mediated off targets, including the use of truncated gRNAs (40) and engineered Cas9s with higher specificity (24, 64, 120, 136) .
Targeting Considerations for CRISPR Editing
With CRISPR/Cas9-mediated editing, there is also potential for unwanted on-target DNA changes, including inversions, translocations, or small or large indels. In the DMD gene, Ousterout et al. observed a low number of translocations in vitro (101), and Nelson et al. observed deletions, inversions, indels, and AAV integration in vivo (98) . An unrelated paper also demonstrated large deletions or rearrangements at the on-target site in vitro (68) . Since additional mutations can occur at the cut site, it is important to consider where gRNAs are targeted within the DNA.
CRISPR/Cas-mediated editing for NMDs can be achieved through various approaches where gRNAs can be targeted to introns, exons, intron/ exon boundaries, or untranslated regions. Intronic targeting, such as to create exon deletions or remove psuedoexons, may be advantageous since unwanted small indels that arise at the rejoining site would not likely have a large effect, although unmapped regulatory elements could be affected. Targeting exons to precisely fix mutations would allow for full-length proteins to be expressed, but this approach requires HDR and complete precision. HDR is also currently less efficient than NHEJ, although strategies to improve efficiency or to use NHEJ-based integration pathways are ongoing (79, 96) . Additionally, exons can be targeted to generate deletions and create hybrid exons; for example, a CinDel approach created hybrid exons in DMD that were designed to maintain the proper phasing of dystrophin (36, 55) . However, for this approach, ideally seamless rejoining (or at least an indel of a multiple of three) should be REVIEW PHYSIOLOGY • Volume 34 • September 2019 • www.physiologyonline.org achieved to maintain the reading frame. Although it may be simpler to use a single gRNA targeted to a splice site or enhancer to induce a deletion in the mRNA, this strategy relies on creation of indels, and not every DNA change will be the same, potentially leading to unwanted effects. Furthermore, this approach will require significant personalization, since each exon will need to be targeted individually. Targeting other noncoding regions, such as the 3= UTR to insert a polyA or deleting repeats in the case of DM1, may also allow for on-target mistakes to be tolerated. Strategies using a single gRNA to remove duplications could be targeted to introns or exons, and thus may or may not require seamless rejoining, depending on where the gRNA binds. Importantly, there has been progress on ways to make CRISPR safer, for example, through the use of truncated gRNAs (40) , engineered Cas9s with less off-target activity (24, 64, 120, 136) , anti-CRISPR proteins to interfere with Cas9 activity (18, 118) , or a self-inactivating strategy by targeting a gRNA against the Cas9 sequence (89, 103, 111) .
Conclusions
In conclusion, CRISPR/Cas has wide-ranging uses for many NMDs and is showing much promise in pre-clinical studies. Efficacy has been demonstrated in models of DMD, congenital muscular dystrophy, LGMD, DM1, and FSHD. The field is ripe for further exploration; however, overcoming potential delivery, immune response, and off-target issues will need to be addressed before clinical translation can effectively occur. Ⅲ
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